Introduction
Tissue patterning, cell growth and terminal differentiation are intimately linked during embryonic development and adult homeostasis. In order to achieve sufficient coordination between these processes, the reiterative use of a single intercellular signaling pathway is often employed. Originally identified based on their ability to specify cell fates within a developmental field, the classic signaling pathways have since been shown to regulate proliferation and cellular morphogenesis as well. Depending on the physical and/or temporal context, therefore, the functional responses to a developmental signal can be dramatically different (Baker, 2007) . It is important to understand the mechanisms by which signaling specificity is achieved, since in adult tissue loss of patterning cues often serve as rate-limiting steps in carcinogenesis (Evangelista et al., 2006; Polakis, 2007; Roy et al., 2007) .
The Notch pathway typifies the complexity of this biological problem, playing innumerable roles in a broad array of cell types. Originally described by Thomas Hunt Morgan in 1917 as a mutation in Drosophila that results in notched wing blades, the Notch gene encodes for a transmembrane receptor that is found in all metazoans (reviewed in Artavanis-Tsakonas et al., 1999) . Notch plays a universal role in development across species, although Drosophila has served as the key 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.10.001 model organism for delineating Notch function. In the developing wing epithelium alone, Notch has been shown to regulate cell proliferation (Baonza and Garcia-Bellido, 1999; Giraldez and Cohen, 2003; Go et al., 1998; Johnston and Edgar, 1998 ) specification of wing veins and sensory structures (de Celis and Garcia-Bellido, 1994) , cellular compartmentalization (Micchelli and Blair, 1999; Rauskolb and Irvine, 1999) , and actin/myosin dynamics to control cell shape Irvine, 2005, 2006) .
In Drosophila, signaling downstream of the Notch receptor is activated upon binding to ligands such as Delta and Serrate. Once bound, an intracellular domain of Notch (NICD) is cleaved and translocates to the nucleus. In the nucleus, a ternary complex between NICD, Suppressor of Hairless (Su(H)) and Mastermind is formed and target gene expression is activated (reviewed in Bray, 2006) . This core pathway serves as the basic platform for Notch signaling in numerous organisms and developmental contexts (Lai, 2004) . Although multiple regulators of Notch transcriptional activity have been described (Borggrefe and Oswald, 2009) , and other noncanonical (Su(H)-independent) pathways have been identified (Langdon et al., 2006; Le Gall et al., 2008; Sanalkumar et al., 2010) , it remains unclear how this relatively simple pathway can mediate such diverse outcomes (Bray, 2006) . It is likely, therefore, that additional factors exist to direct cell-typespecific outputs of the Notch signaling pathway.
Here we describe a novel regulator of the Notch pathway in Drosophila, a recently identified nuclear protein called EndoGI. When ectopically expressed, endoGI is capable of activating Notch signaling in multiple tissues. Loss-of-function analysis, however, revealed that endoGI is dispensable for many Notchdependent developmental processes, but critically required in motor neurons. As a consequence, endoGI mutants are highly uncoordinated. The affected neurons miss their synaptic targets in a highly stereotypical manner, a phenotype also seen in conditional Notch mutants (Crowner et al., 2003) . EndoGI, therefore, is essential for motor neuron axon guidance, likely modulating endogenous Notch activity in this context.
Results

GScE6 promotes tissue growth
A genetic screen to identify novel regulators of tissue growth was performed by mobilizing the GeneSearch (GS) element (Toba et al., 1999) . In combination with Gal4, the GS transgene is capable of inducing expression of endogenous genes flanking both sides of the insertion. These lines were crossed to animals with an eye-specific Gal4 system (ey-flp; +; Act > CD2 > Gal4) and screened for tissue overgrowth. One transgenic line in particular demonstrated a remarkable increase in eye/head size (compare Fig. 1A and B), and was named GScE6. To ask whether GScE6 could similarly affect the growth of other tissues, GScE6 was expressed in the posterior half of the developing wing via the engrailed-Gal4 (enGal4) transgene. Adult wings of this genotype (en > GScE6) were significantly enlarged (compare Fig. 1C and D) , and when this effect was quantified, a 25% increase in posterior wing size was observed (Fig. 1E) .
Expanded growth of a tissue can result from an increase in cell size, or an increase in the number of normally sized cells. In order to examine the size and cell doubling time (CDT) of GScE6 expressing cells, the flp/Gal4 system (Neufeld et al., 1998; Xu and Rubin; was used to create random clones of cells overexpressing GScE6 in larval wing tissue. Flow cytometric analysis demonstrated that GScE6 over-expression did not significantly affect the size of cells, nor their cell cycle profile (n = 4, Fig. S1 ). However, CDT analysis revealed that cells overexpressing GScE6 were dividing more frequently than controls. Clones of cells expressing GScE6 generally contained more cells than control clones (Fig. 1F) . Whereas, on average, a control cell divided once every 13.2 h, cells overexpressing GScE6 divided every 12.2 h. The increase in tissue mass following ectopic expression of GScE6, therefore, results from an increased number of normally sized cells.
GScE6 affects Notch signaling
In addition to driving cell growth, GScE6 also affected the differentiation of particular cell types, as the majority of wing vein material was absent from the posterior half of en > GScE6 wings (Fig. 1D ). This combination of phenotypes (tissue overgrowth and loss of wing veins) suggested that GScE6 expression was activating the Notch signaling pathway. To address this hypothesis, we first asked whether GScE6 affected levels of the Notch ligand Delta in late third instar wing imaginal discs. Delta is normally expressed in presumptive vein cells and in two stripes adjacent to the wing margin (the dorsal/ ventral boundary (Doherty et al., 1996) . When expressed throughout the dorsal wing compartment via apterous-Gal4 (ap-Gal4), GScE6 caused a dramatic increase in Delta protein (Fig. 2B) . Similar results were obtained with the en-Gal4 driver (data not shown). Clones of cells expressing GScE6 revealed a cell-autonomous effect on Delta levels (Fig. 2I ). To determine whether signaling through the Notch pathway was affected in GScE6 expressing cells, we interrogated several known Notch target genes. wingless (wg) expression at the dorsal/ ventral boundary results from Notch signaling (Diaz-Benjumea and Cohen, 1993) , and ap > GScE6 wing discs had an expanded Wg domain (Fig. 2D) , consistent with increased Notch activity. Unlike the effect on Delta, however, Wg levels were increased only in the distal wing region (near the dorsal/ventral boundary). Similarly, when GScE6 expressing clones were examined, only those near the wing margin affected Wg (Fig. 2J ). Therefore, GScE6 is not sufficient to upregulate Wg, but can do so only in the context of the distal wing.
Notch also plays important roles in patterning cell fates and cell proliferation along the developing wing margin. In particular, it has been shown that Notch activity down-regulates achaete expression, thereby inhibiting sensory neuron formation and promoting a G1 cell cycle arrest (low Cyclin A, ). In ap > GScE6 wing discs the dorsal stripe of Achaete was reduced to a dim smear, consistent with a loss of sensory neurons (Fig. 2F) . GScE6 also affected the pattern of Cyclin A accumulation along the wing margin. In general, levels of Cyclin A were reduced, indicating a reduction in G2 arrested cells along the anterior wing margin, and an increase in G1 arrested cells posteriorly (Fig. 2H ).
To verify that the phenotypes associated with GScE6 expression were consistent with an increase in Notch activity, we asked whether similar effects on wing development were seen with an activated form of the Notch receptor (Nintra). As we had seen with GScE6, and in accordance with previous reports (Baonza and Garcia-Bellido, 1999; Giraldez and Cohen, 2003; Go et al., 1998) , Nintra increased cell proliferation when expressed in clones (n = 3, Fig. S2G ). CDT analysis revealed that Nintra-expressing cells divided, on average, once every 10.8 h, while control cells divided once every 14.2 h. When expressed in the dorsal compartment of the wing disc, Nintra affected Delta, Wg, Achaete and Cyclin A in the same manner as GScE6, although more dramatically (Fig. S2A-C and data not shown). In addition, both ap > GScE6 and ap > Nintra had a more pronounced effect on posterior wing growth, distorting the overall disc shape and rotating the dorsal/ventral boundary clockwise ( Fig. S2E and F) . In each instance, therefore, the phenotypes associated with GScE6 and Nintra were similar. In contrast, Delta overexpression in the wing resulted in overgrowth, but the effects on Wg and Cyclin A were quite different from both Nintra and GScE6. When overexpressed in the dorsal wing via ap-Gal4, Delta failed to induce Wg beyond its normal boundaries (Fig. S3G) . In fact, high levels of Delta acted in a dominant negative-fashion to inhibit Wg on the dorsal side of the margin, a phenotype that has been seen before (Micchelli et al., 1997) . Similarly, ap-Gal4 driven overexpression of Delta failed to reduce levels of Cyclin A in the dorsal compartment (Fig. S3H ). This data demonstrates that GScE6 does more than simply upregulate levels of Delta, but rather produces phenotypes indicative of increased Notch transcriptional activity.
2.3.
GScE6 is associated with the gene endonuclease GI (endoGI)
To identify the gene responsible for the GScE6 phenotype, inverse PCR was used to map the p-element insertion site. GScE6 was found to lie within the first intron of the gene PRL-1 (Fig. 3A) . PRL-1 is the Drosophila homologue of the mammalian protein tyrosine phosphatase PRL-1 (Ashburner et al., 1999) , which has been implicated in cell proliferation, migration and metastasis in mammalian systems (reviewed in Stephens et al., 2005) . The nearest gene on the opposite side of the insertion was endoGI, a novel gene with limited homology to the Ku autoantigen DNA helicase protein family and recently reported to inhibit the activity of Endonuclease G Temme et al., 2009 ). The GScE6 insertion was 6300 bp upstream of the start codon of endoGI, and RNA analysis demonstrated that both PRL-1 and endoGI were induced following activation of GScE6 (data not shown). While PRL-1 appeared to be the stronger candidate of the two genes based on reported functions, we established that endoGI, was responsible for the GScE6 phenotype. A UAS-endoGI transgene was generated which phenocopied GScE6 when crossed to various Gal4 drivers. In particular, en > endoGI caused overgrowth and loss of wing veins in the posterior adult wing (Fig. 3B) . Similarly, ap > endoGI upregulated Delta and Wg ( Fig. 3D and E), while downregulating Achaete levels (data not shown) in the dorsal compartment. Furthermore, expression of endoGI in the dorsal wing resulted in loss of margin sensory structures (compare Fig. 3H and I, Lyman and Yedvobnick, 1995) .
To definitively demonstrate that EndoGI was activating the Notch signaling pathway, we asked whether over-expression of endoGI could affect a lacZ transgene sensitive to Notch activity (Su(H)GBE-lacZ, Furriols and Bray, 2001 ). In wildtype discs Su(H)GBE-lacZ is expressed along the wing margin and more weakly in the vein regions (Fig. 3F) . en > endoGI clearly up-regulated Su(H)GBE-lacZ in the posterior wing disc (Fig. 3G ), indicating increased Notch activity in these cells. Finally, we asked whether a genetic reduction in Notch signaling could rescue the endoGI gain-of-function phenotype in the wing. We removed one copy of the Notch transcriptional effector, mastermind (mam) and examined adult en > endoGI wings (genotype: en-gal4/mam 23 , UAS-endoGI/+). A partial rescue of the vein patterning phenotype was observed in this genetic background. Whereas only 15% of vein L4's were intact when endoGI was ectopically expressed in a wildtype background (n = 38), 85% of animals overexpressing endoGI in a mam heterogyzotic animal had an intact L4 (n = 48) (Fig. 3C) .
The endoGI gain-of-function data, therefore, is entirely consistent with Notch pathway activation. However, to exclude the possibility that endoGI was affecting intercellular signaling in general, readouts from other developmental pathways were also examined. ap > endoGI wing discs were stained for Patched and Phospho-Mad, activity indicators for Hedgehog and Decapentaplegic, respectively (Forbes et al., 1993; Tanimoto et al., 2000) . These pathways were not affected (data not shown), adding further support for a Notchspecific, endoGI function. The effects on Delta (I) and Wingless (J) localization are shown (magenta). While GScE6 upregulated Delta levels in a cell-autonomous fashion (I), effects on Wg were restricted to the distal wing (near the wing margin) (J). GScE6 expressing clones near the wing margin (arrowhead) upregulated Wg, while those in more proximal regions (arrow) did not (J).
Endogenous EndoGI localization
To identify when and where EndoGI plays a physiological role, we next examined its expression throughout Drosophila development. We developed antibodies to EndoGI and stained wild-type embryos and larvae. We found EndoGI to be ubiquitously expressed and predominantly nuclear (Fig. 4) . We verified that the antibody recognized the endoGI gene product as endoGI-expressing clones of cells had highly elevated EndoGI levels (Fig. 4E) . Staining early embryos indicated that EndoGI is maternally loaded as previously suggested (Fig. 4A , Temme et al., 2009 ). EndoGI protein was detected in both mitotic cells and endoreduplicating larval tissues. Among mitotic tissues, EndoGI was most abundant in the testis and the squamous, peripodial cells of imaginal discs (Fig. 4D and G) . Interestingly, one tissue that showed restricted expression of EndoGI was the larval central nervous system (CNS), only a subset of cells was positive for EndoGI. These cells were evenly dispersed throughout the central brain (CB) and ventral nerve cord (VNC), with a lower density in the optic lobes (OL) (Fig. 4F ). This staining pattern is consistent with the distribution of a subset of glial cells as determined by comparison to Repo localization (a glial-specific marker (data not shown)). The most dynamic expression was seen in endoreduplicating cells Fig. 3 -GScE6 is associated with the gene endonuclease GI (endoGI). (A) The GScE6 p-element is inserted in the first intron of PRL-1, and drives expression of both PRL-1 and endoGI. (B) A UAS-endoGI transgene recapitulated the GScE6 overgrowth and wing vein phenotypes when crossed to en-Gal4. (C) Removing one copy of the gene mastermind (a Notch effector), partially rescued the en > endoGI gain-of-function phenotype in the wing. (D and E) ap-Gal4 was used to overexpress endoGI in the dorsal wing disc (green), resulting in increased levels of Delta (D) and an expanded Wg domain (E) (magenta). (F) The Su(H)GBE-lacZ reporter transgene sensitive to Notch transcriptional activity is highly expressed at the wing margin. (G) en-Gal4 was used to overexpress endoGI in posterial wing cells resulting in increased levels of Su(H)GBE-lacZ activity. The wildtype sensory bristles found along the dorsal wing margin (H) were disrupted in ap > endoGI animals (I).
of the salivary glands. In early third instar larvae, EndoGI was present in the nucleus of salivary gland cells (Fig. 4H ) but was absent in most nuclei of late third instar larvae (Fig. 4I) . Additionally, a handful of salivary gland cells in late L3 larvae showed predominant staining of EndoGI in the cytoplasm. In summary, EndoGI expression is widespread and typically nuclear, suggesting that it serves a general function in the nucleus.
Loss of endoGI leads to motor neuron defects and uncoordination
To determine the endogenous function of the endoGI gene, we used EMS mutagenesis to revert the en > GScE6 wing vein phenotype, thereby generating endoGI loss-of-function alleles (Fig. 5A) . The strongest allele introduced a stop codon at position 82 (EndoGI has a total of 359 amino acids) and was named (Fig. 5B) . The cellular phenotype of endoGI cwk was examined by twin spot analysis in wing discs using the flp/ FRT system (Xu and Rubin, 1993) . Clones of cells homozygous for endoGI cwk did not dramatically affect wing development, they grew as well as their wild-type twin spots, and failed to disrupt the normal pattern of Wingless and Delta ( Fig. 5C  and D) . In contrast, loss of endoGI at the organismal level resulted in a strong phenotype. endoGI cwk homozygous adult animals did not enclose at the expected frequency (70% reduction compared to heterozygous controls). Similar reductions in viability were observed in transheterozygotes between endoGI cwk and genetic deficiencies spanning the 35F1 genetic locus (the endoGI cwk /Df(2L)RA5 genotype was used for all further analyses, unless otherwise indicated). Closer examination of endoGI animals revealed that the majority of homozygous mutants died during larval stages (between 72 and 96 h after egg deposition), and that larval growth was frequently stunted (compare Fig. 5E and F) .
endoGI mutant animals that survived to adulthood were small and strikingly uncoordinated. Phenotypes including tremors, crossed legs (inspiration for the allele name crosswalk), an inability to roll off the back, and held out wings ( Fig. 5I and J) , each suggesting a neuro-muscular deficit. Movies were generated to document the endoGI locomotion defects (Fig. S4) . Based on the uncoordinated phenotype, we asked whether the stereotypical pattern of muscle innervation was affected in endoGI mutant embryos. Since endoGI is maternally expressed, we generated maternal/zygotic null animals, although zygotic null animals were found to have similar phenotypes (data not shown). The body wall musculature of endoGI mutants was grossly normal, but motor-axon defects were prevalent (Fig. 6 ). Most severely affected was the Intersegmental Nerve b (ISNb) motor-axon branch that innervates a ventral cluster of muscles. Half the mutant hemisegments examined (53%) had an irregular ISNb (n = 25 animals and 158 scorable hemisegments), while no such defects were observed in endoGI or Df(2L)RA5 heterozygotes (97 and 69 scored hemisegments, respectively). In most cases the mutant ISNb motor-axons failed to defasciculate from the ISN, missing the appropriate muscle targets (Fig. 6C and D, arrows). A similar phenotype has been described for a conditional allele of Notch (Crowner et al., 2003) . At lower frequencies, defects in Segmental Nerve c (SNc) (39%) and SNa (42%) were also observed (ISNd was not scored). The failure to appropriately innervate the body wall musculature likely accounts for the failure of endoGI mutant larvae to thrive, and we infer that similar neuro-musculature defects are present in the uncoordinated adults.
To demonstrate that the described defects resulted from a mutation in endoGI, we attempted to rescue the endoGI phenotype with a UAS-endoGI transgene. The neuronal-specific elavGal4 driver was used to restore endoGI expression in the CNS. Reintroduction of endoGI (genotype: endoGI cwk , UAS-endoGI/ endoGI cwk , elav-Gal4/+) significantly improved the coordination of mutant animals. As one means to quantify this rescue, the ability to fly was measured. Whereas only 19% of females lacking endoGI could fly, elav > endoGI expression restored flight to 73% of mutant females tested, a 4-fold increase (n = 4, Fig. 7A ). An improvement in muscle innervation was also seen in embryos, as the ISNb phenotype of endoGI homozygotes was reduced 50% by targeting expression of endoGI to the CNS (n = 7 animals and 70 scorable hemisegments, Fig. 7B ), These data suggest that the organismal phenotype of endoGI mutants reflects a requirement for endoGI function in neurons.
endoGI and Abl interact genetically
Our ability to rescue the ISNb phenotype by exogenously expressing endoGI in differentiated neurons suggested that the phenotype was not attributable to early developmental defects in Notch-directed neurogenesis or cell fate decisions. This idea was supported by normal patterns of both Delta and Su(H)GBE-lacZ in the embryonic nervous system of animals lacking endoGI (Fig. S5) . We thus turned our attention to the Abl tyrosine kinase signaling pathway, which has been shown to modulate ISNb axon guidance, in coordination with Notch (Crowner et al., 2003; Le Gall et al., 2008) . Abl promotes ISNb adhesion to the ISN axon tract, an activity that Notch signaling inhibits through an unknown mechanism. Loss of Abl, therefore, promotes ISNb defasiculation. Removing one copy of abl in animals mutant for endoGI (genotype: endoGI cwk /endoGI cwk , abl1/+) improved the ability of ISNb to defasiculate from the ISN by 2-fold (n = 7 animals and 69 scorable hemisegments, Fig. 7B ). This result supports the hypothesis that Notch activity is reduced in endoGI mutants, allowing for excessive Abl signaling and inappropriate adhesion between ISN/ISNb motor neurons.
Discussion
In a gain-of-function screen for genes affecting tissue growth, we identified the nuclear factor EndoGI. Based on the over-expression phenotype (loss of wing veins in particular), we hypothesized that endoGI was functioning as a positive regulator of Notch signaling. In support of this idea, we have demonstrated that over-expression of endoGI affects Notch target genes (Delta and Wg) in the developing wing, and regulates a lacZ reporter construct containing binding sites for Grainyhead and Su(H) that is responsive to Notch transcriptional activity (Furriols and Bray, 2001) . EndoGI localizes to the nucleus, suggesting that it affects the canonical Notch pathway by facilitating transcription. However, the endogenous relationship between endoGI and Notch is quite limited, as loss of endoGI does not lead to wing margin notches or widened wing veins, both trademarks of reduced Notch signaling (de Celis and Garcia-Bellido, 1994) . In fact, our loss of function data indicates that physiological levels of endoGI do not affect Notch in most developmental contexts. Instead, endoGI is critically required in a discrete subset of cells, differentiating motor neurons. Based on the uncoordinated phenotype of endoGI adult animals, muscle innervation patterns were examined in endoGI mutant embryos. Defects were seen in all motor-axon branches examined, but ISNb was most dramatically affected. In half the mutant hemisegments scored, ISNb did not defasiculate from the ISN, thereby failing to innervate its ventral muscle targets. This dramatic phenotype has been seen previously in Notch mutant animals (Crowner et al., 2003; Le Gall et al., 2008) . In these previous studies it was suggested that Notch activity downregulates Abl-mediated adhesion, identifying a non-canonical Notch/Abl pathway as critical for ISNb guidance. While our results support a role for endoGI in Notch/ Abl signaling, the axon guidance defect seen in endoGI mutants are more severe than the phenotype attributed to abl, and endoGI affects additional motor neuron branches. Le Gall et al. (2008) demonstrate that a version of the Notch receptor lacking all Su(H) binding sites does not completely rescue Notch pathfinding defects, suggesting that the canonical Notch/Su(H) pathway is not completely dispensable in this context. Thus, the widespread failure of motor neuron target selection in endoGI mutants likely reflects a combination of both canonical and non-canonical Notch mechanisms.
endoGI is highly conserved across Drosophila species and other sequenced Diptera (Anopheles and Glossina) but no obvious orthologue exists in other species. Hairless, a corepressor that antagonizes Notch signaling by binding Su(H), also seems to exist only in Drosophila (Ashburner, 1982; Maier, 2006) . Barring structural homologues, this suggests that while the core components of Notch signaling are strongly conserved, proteins that modulate Notch signaling can be species-specific.
EndoGI does, however, contain a recognized domain of the DNA-binding Ku80 superfamily (InterPro: IPR014893), specifically the C-terminal domain of Ku80 that binds the DNAdependent protein kinase catalytic subunit (DNA-PKcs). The most well-characterized function of the Ku80-DNA-PKcs interaction is double-strand break repair, but recently both subunits have been implicated in cell proliferation (Rampakakis et al., 2008; Ruis et al., 2008) . Interestingly, Ku80 has also been shown to complex with the human homologue of Su(H) (Lim et al., 2004) . The amino acid sequence required for binding between Ku80 and Su(H) was not explored, so it is unclear whether EndoGI would share this ability with Ku80 but if so, would support the idea that EndoGI modulates transcription of Notch target genes.
EndoGI was recently identified biochemically through its ability to bind and inhibit the nuclease activity of EndoG (Temme et al., 2009) . EndoG normally localizes to mitochondria, but when apoptosis is experimentally induced, EndoG appears to contribute to nucleotide degradation by translocating to the nucleus (Buttner et al., 2007 , Diener et al., 2010 Lee et al., 2005; Lee et al., 2010; Leeuwenburgh et al., 2005; Wang et al., 2009) . Mice lacking endoG, however, fail to demonstrate abnormalities, making the endogenous role of endoG unclear (David et al., 2006; Irvine et al., 2005) . While Temme et al. (2009) saw reduced viability of endoGI mutants (consistent with our analysis), they did not demonstrate an increase in apoptosis. This would be expected if endogenous EndoGI were required to inhibit EndoG activity during development. Our mutant analysis also failed to reveal aberrant apoptosis at either the organismal or cellular level. In addition, the growth and patterning defects associated with endoGI over-expression do not likely result solely from decreased apoptosis, as expression of cell death inhibitors in the wing (i.e., en > P35) does not elicit dramatic overgrowth, nor vein defects (Yoshida et al., 2001) . Our data suggests instead that the effects of EndoGI on Notch signaling and development are independent of its ability to inhibit nuclease activity and apoptosis.
Identifying genes such as endoGI, which serve a narrow role in modulating endogenous Notch signaling, reveals the means by which one pathway can contribute to an array of distinct cellular processes. Although the mechanism by which EndoGI contributes to Notch function in neurons Fig. 7 -Genetic rescue of endoGI motor phenotypes. elav-Gal4 was used to restore endoGI expression in post-mitotic neurons of endoGI mutants. This resulted in improved adult motor skills, as assessed by the animal's ability to fly (A) and a reduction in the number of ISNb pathfinding errors (B) and. A similar reduction in ISNb defects was observed when a single copy of the abl gene was removed from the endoGI mutant background (B).
remains to be explored, diverse co-repressors complexes have been identified that suppress activation of Notch target genes (reviewed in Lai, 2004; Borggrefe and Oswald, 2009; Sakano et al., 2010) . Given its nuclear localization and ability to promote expression of Notch targets, we hypothesize that EndoGI displaces a co-repressor expressed in neurons. However, the ability of exogenous EndoGI to activate Notch signaling in numerous cells types suggests that the oncogenic potential of EndoGI is not limited to the cell type where the Notch/ EndoGI relationship is essential. Under conditions of overexpression, therefore, EndoGI perhaps displaces additional Notch corepressor complexes that are normally not affected by physiological levels of EndoGI.
As the Notch pathway is frequently misregulated in disease states, isolation of cell-specific regulators (such as EndoGI) could prove to be therapeutically useful, allowing for the precise targeting of affected cells without disrupting the core Notch components necessary for homeostasis of surrounding, healthy tissues.
4.
Materials and methods
Fly stocks
The GSCyO46 P-element (Toba et al., 1999) was mobilized using D2-3,Sb transposase (Robertson et al., 1988) to create line GScE6. The location of GScE6 was mapped using inverse PCR as follows: genomic DNA was digested with HpaII, amplified with P-element primers (forward: 5 0 -GCTTGTTGAGAG-GAAAGGTTGTG and reverse: 5 0 -TACTTCGGTAAGCTTCG GCTATC), and the resulting PCR product sequenced (using the internal primer: 5 0 -GTTGATTTACTTGGTTGCTGGTT). To create transgenic animals capable of overexpressing endoGI, a full-length EST of endoGI (LD25338, Drosophila Genome Resource Center, Bloomington, Indiana) was amplified with primers containing EcoRI: (5 0 -CGGAATTCCAAAACATGTC-CAAGCGCAAGGCC) and XbaI: (5 0 -GCTCTAGACTACTAATCATC-ATTTAC) sites, digested with EcoRI/XbaI, cloned into pUAST (Brand and Perrimon, 1993) and transformed into w 1118 .
Wild-type sequence was confirmed using the following primers for sequencing:
GScE6 males were mutagenized with EMS using standard techniques (Roberts, 1998) , mated to en-Gal4 (Bloomington stock #6356) and progeny scored for reversion of the wing vein phenotype. Using this method, six reversion lines were generated. One reversion line (endoGI cwk ) was recombined onto an FRT40A chromosome (Bloomington stock #5629) for clonal analysis and then a second recombination performed with the UAS-endoGI(1) transgene for use in rescue experiments. The GS P-element was also excised from endoGI cwk using the 
Scanning electron microscopy
Adult females were fixed and dehydrated in ethanol, incubated overnight in hexamethyldisilazne, then mounted and sputter-coated with 30-nm gold-palladium. Images were taken at 90-fold magnification.
4.3.
Cell and tissue growth analysis
The size of the posterior half of female, adult wings was estimated as the area between the L3 vein and posterior margin using the Lasso and Histogram functions (total pixels) of Adobe Photoshop. Clones of cell overexpressing endoGI were created by Flp-out techniques and cell doubling times (CDT) and flow cytometry profiles acquired as previously described (Neufeld et al., 1998) .
4.4.
Antibodies/tissue stainings An antibody to EndoGI was created by amplifying a fulllength cDNA (LD25338) with primers containing EcoRI (5 0 -CGGAATTCATGTCCAAGCGCAAG) and NotI (5 0 -ATTTGCG GCCGCATCATCATTTAC) sites, digesting with EcoRI/NotI, cloning into pGEX4T1 (GE Healthcare) and transforming into E. coli (One Shot, Invitrogen). GST-EndoGI expression was induced via addition of 1 mM IPTG to bacterial cultures and purified using Glutathione Sepharose 4B beads (Amersham). Following dialysis with PBS and Spectra/Por 4 (MWCO 12-14,000) to remove free glutathione, GST-EndoGI protein was submitted to the Antibody Development Facility of the Fred Hutchinson Cancer Research Center for the synthesis of monoclonal antibodies. Other primary antibodies used were: anti-Delta, anti-Wingless, anti-Repo (all acquired from the Developmental Studies Hybridoma Bank (DSHB) at the University of Iowa), and anti-b-gal (Cappel). Dissected embryos and larvae were fixed in 4% paraformaldehye (EM Sciences) for 20 min prior to staining. Embryos stage 16-17 were bathed in PBS and immobilized on polylysine coated slides, dorsal side up. Using a tungston needle an incision was made along the entire length of the dorsal epithelium. The gut was removed and the body walls attached to the slide, thereby exposing the nervous system and body wall musculature. Whole embryos were fixed using the slow formaldehyde fix (Sullivan et al., 2000) . All primary antibodies were used at a 1:100 dilution, except for anti-b-gal, which was used at a 1:1500 dilution in PBS, 0.1% Triton X-100, 1% BSA. Alexa 488-, Alexa 568-and Cy3-conjugated secondary antibodies were obtained from Jackson Laboratories and used at a 1:3000 dilution in PBS, 0.3% Triton X-100, 0.1% BSA, 0.1% Na-N 3 . To stain actin, rhodamine phalloidin (Molecular Probes) was used at 1:1500 dilution in PBS.
Western blot
Equal numbers of tissues dissected from homozygous and heterozygous endoGI cwk larva were boiled in 2X SDS loading buffer (0.1 M Tris, pH 6.8, 0.3 M DTT, 4% SDS, 0.002%bromo-phenol blue, 20% glycerol), loaded onto a 4-20% gradient gel (Jule, Inc.), transferred and blotted according to manufacturers instructions. Primary antibodies against EndoGI and b-tubulin (DHSB) were used at 1:100 dilution in TBS, 0.1% Tween-20 and the secondary antibody (rabbit anti-mouse HRP, Sigma-Aldrich) was used at a dilution of 1:10,000. Blots were developed using an Amersham ECL kit and stripped using Millipore Re-blot Plus.
Flight assays
Aged adults (2-4 days) were transferred to an open box. Animals were prodded with a paint brush to induce flight. To exclude ''jumpers,'' only those animals that were able to fly above the sides of the box (4 cm) were scored as positive for their ability to fly.
